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Coincidence experiments on Ar' -Ar inelas-
tic collisions by Afrosimov et al.? and, still
more recently, by Everhart and collaborators?»?
are introducing us to the dynamics of interpen-
etrating atomic shells. This Letter intends
to show how the experimental results fit into
and help us to extend existing knowledge of
atomic and molecular mechanics.

Specifically, we suggest, in partial disagree-
ment with initial interpretations,? that (1) the
gross structure of the spectrum of energy dis-
sipation reflects the shell structure of the col-
liding atoms; (2) dissipation stems primarily
from the electron promotion mechanism of
molecular orbital theory*® and is followed by
autoionization; (3) the consequences of (1) and
(2) can be tested by observing the spectrum
of ejected electrons. As in previous work on
similar problems,® we regard the Art -Ar sys-
tem as a molecular ion, Ar,", and examine
its independent electron molecular orbitals
in the Born-Oppenheimer approximation. (The
nuclear velocities are ~5 times slower than
those of the outer electrons in this problem.)

The experimenters bombard Ar gas with
12- to 150-keV Ar' and detect pairs of emerging
ions Ar”* and Ar”* in coincidence, measuring
the rate of coincidences for each pair of charge
states (m, n) and for each pair of angles of emer-
gence (6~10° ¢ ~80°). The values of 6 and ¢
determine (a) the distance 7, of closest approach
of the nuclei, through classical orbit theory
justified by the large masses, and (b) the degree
of inelasticity, i.e., the energy transfer @ from
kinetic to excitation and ionization energy of
the two atoms, through the energy and momen-
tum equations. The averages of the statistical
distributions of charges (m, n) and of energy
loss @ increase as 7, decreases, but depend
very weakly on the collision energy for a fixed
7,. The distribution of @ shows three peaks
for »,~0.25 A, whose energies are nearly con-
stant but whose relative heights vary sharply
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FIG. 1. Data from reference 1. (a) @* spectra from
two classes of collisions at 7,=0.25 A showing three
peaks; the coincidence of peaks would be destroyed by
a shift to the @ scale, which differs by 81 eV for the
two curves. (b) Relative areas under the three peaks
as a function of 7, for m=2, n=3.

as 7, decreases. These features are sharpened
in reference 1 by plotting, instead of @, the ki-
netic energy @* of the ejected electrons (plus

a presumably small amount of electromagnet-
ic radiation and final metastable excitation);
this is obtained by subtracting from @ the en-
ergy U(m, n) required to strip the atoms to the
charge levels m, n [@*=Q-U(m, n)). The peaks
of the @* distribution lie at ~50, 260, and 470
eV (Fig. 1).
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Here we make the suggestion, consistent
with reference 3, that the three peaks of the
@* distribution correspond to collisions in which
zero, one, and two electrons, respectively,
are raised out of the inner L shells of either
Ar atom, in addition to a variable number of
M-shell excitations. The resulting internal
vacancy is normally filled by an Auger process
which involves two outer electrons: One moves
in and the other leaves the atom with a kinetic
energy equal to the relevant L-shell ionization
potential (244, 246, or 287 eV) less the M-shell
double-ionization potential (>43 eV depending
on possible preionization of the atom). This
kinetic energy constitutes a rather well-defined
“quantum” of ~200 eV which is clearly distin-
guishable over the kinetic-energy background
due to M-shell processes and agrees well with
the observed interval between the peaks. It
is of essence that the second and then the third
peaks become prominent just as 7, decreases
through the point of interpenetration of the L
shells [Fig. 1(b)]. A semiquantitative estimate
of the molecular levels shown in Fig. 2 confirms
that extensive crossing of the M- and L-shell
levels occurs at the critical values of 7,.

The level crossing may transfer an L-shell
electron to an excited bound orbital, and cause,
through the following Auger processes, one
or more ionizations. (The presumed necessity
of association of L-shell processes with dou-
ble ionization contributed in reference 1 to
the rejection of the present interpretation.)
Note in Fig. 2 that only the two L electrons
of Ar,* in the 4fo0 orbital have an opportunity
to cross the M levels in the critical range 7,
~0.25 A=0.5 a.u.; therefore only three peaks
can appear in the @* distributions of ref. 1,
whereas larger values of @ had been observed
earlier” at 7,~0.1 A=0.2 a.u.

The observed distribution of @* within each
peak appears to result from the superposition
of alternative multielectron M-shell excitations,
whereas reference 1 regarded each peak as
the result of a single characteristic process
modified by observational or minor substantive
fluctuations.

The extent of the ionization observed and,
more specifically, the rapid decrease of the
low-@* peak as 7, enters the critical range,
show that the level crossing leads with high
probability to the “promotion” of electrons to
outer shells, as the nuclei approach. It will
be shown in a detailed paper that numerous
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FIG. 2. Energies of diabatic molecular orbitals suit-
able for discussion of fast collisions between argon
atoms and/or ions. A semiquantitative estimate of the
energies for the H2+-1i.ke molecular orbitals is shown.
The energies at R =« are of the separated Ar atoms,
at R =0 of the united Kr atom. Electron-electron in-
teractions within the independent particle model cause
transitions between diabatic molecular orbitals of like
parity (s ~=s, s~—d, p+~—p, p —f, etc.) and equal
angular momentum A (-0, T+, etc.). Rotational
uncoupling causes transitions between molecular or-
bitals of like parity and AA=x1 (6w, m+—§, etc.).
Electron correlation (configuration interaction) allows
two-electron, or (in the case of A #0) four-electron,
transitions between any pair of molecular orbitals.

As the atoms approach, all these effects cause transi-
tions of M electrons into higher shells in the vicinity

of R~1-2 a,u. In the vicinity of R ~ 0.5 a.u., one 4fc
electron can be transferred to 4po or 3pw (if the molec-
ular orbital is not filled) or 4pm; both electrons can be
transferred to any orbital. At crossings at smaller

R, other L electrons can be transferred to higher
shells. K-shell excitation can only occur at very

small internuclear distances, and is not expected un-
der the conditions of references 1, 2, 3, and 7.

mechanisms contribute to this promotion and
cause many-electron jumps at the crossings

(see Fig. 2). These transitions lead to singly
or, more often, multiply excited autoionizing
states in atomic collisions. Mechanisms also
exist that enhance the otherwise negligible direct
ionization. We emphasize that simultaneous
excitations of many (say >4) electrons have

not been considered before, and that they ap-
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pear as likely results of atom, but not of elec-
tron or photon, bombardment. This type of
excitation also should occur immediately after
nuclear fission.

A concrete test of the present interpretation
is provided by the spectrum of the ejected elec-
trons. We predict, first, the presence of dis-
crete energy groups which arise from inner
vacancies through Auger processes. In partic-
ular, in argon there should be strong peaks
in the neighborhood of 200 eV. (The prediction
of the location of these peaks in other atoms
is elementary.) Second, autoionization process-
es in outer shells should yield numerous peaks
in the range <25 eV. This prediction of a dom-
inant influence of the discrete structure of atom-
ic levels contrasts with the prediction of a quasi-
Boltzmann distribution, which follows from
the semi-statistical model of Russek.®? These
tests should be feasible, since rich structures
have already been observed in the electron
spectra from H' and H,,+ collisions with He,

Ne, and Ar.°
We thank Professor Everhart for advance
copies of his papers.

1y, v. Afrosimov, Yu. S. Gordeev, M. N. Panov,
and N. V. Fedorenko, Zh. Tekhn. Fiz. 34, 1613, 1624,
1637 (1964) [translation: Soviet Phys.—Tech. Phys.
9, 1248, 1256, 1265 (1965)]. An interpretation of
these experiments in terms of plasmalike oscillations
has been presented by M. Ya. Amusia, Phys. Letters
14, 36 (1965).

E, Everhart and Q. C. Kessel, Phys. Rev. Letters
14, 247 (1965).

3Q. C. Kessel, A. Russek, and E, Everhart, Phys.
Rev. Letters 14, 484 (1965).

‘F. Hund, Z. Physik 40, 742 (1927).

SR. S. Mulliken, Phys. Rev. 32, 186 (1928).

®W. Lichten, Phys. Rev. 131, 229 (1963).

'G. H. Morgan and E. Everhart, Phys. Rev. 128,
667 (1962), Fig. 7.

8A. Russek, Phys. Rev. 132, 246 (1963).

M. E. Rudd, Phys. Rev. Letters 13, 503 (1964);
and private communication, See also H. W. Berry,
Phys. Rev. 127, 1634 (1962).

629



